Hydrogels in Biomedical Use
Biomedical uses of hydrogels are familiar in clinical application of soft contact lens, drug delivery carrier, scaffold for tissue engineering and superabsorbent polymers such as hygiene product and disposable diaper. The finding of phase transition of hydrogels extended their application fields with specified functions such as sensor and artificial muscle. Furthermore, recent proposals with new structures and properties of hydrogels suggest the wider extension as biomedical applications.
On one hand, about 84% of human body weight is composed from soft tissues as some form of hydrogels, while hard tissues such as bone and dentine are about 16% of body weight. It is reasonable that damaged/diseased hard tissues such as bone and dentine have been replaced by hard biomaterials such as artificial bones and prosthetic teeth, artificial crown and dental implant. However, it is not reasonable from a biomechanical viewpoint that various damaged and/or diseased soft tissues such as cartilage, menisci, ligaments and blood vessels have been replaced with not hydrogels but some polymers and/or harder materials in clinical treatments. For example, most of damaged/ diseased articular cartilage parts have been replaced by combination of ultra-high molecular weight polyethylene (UHMWPE) and metal or ceramic components, where elastic modulus of UHMWPE has 100 -1000 times higher than articular cartilage and thus induces high local contact stresses in contact area with metal or ceramic material. The application of recent technologies such as appropriate crosslinking, addition of vitamin E and grafting of polymeric phospholipid layer to UHMWPE remarkably improved the wear resistance and durability, but under severe operating conditions, some direct contacts accompanied with significant wear and surface failures occur in mixed or boundary lubrication mode. The application of hydrogels with similar material properties to natural articular cartilage is expected that it can actualize the similar lubrication mechanism with excellent tribological performance to natural synovial joints. Some articles in this Special Issue are related to the development of artificial hydrogel cartilage.
In the human body, many damaged/diseased soft tissues are expected to be appropriately replaced by artificial hydrogels but the existing hydrogels have not enough mechanical strength and durability. The stable fixation to boundary tissues is another unsolved subject. The response of hydrogels to changes in surrounding environments should be controlled. The application of artificial muscle is an important technology to be realized. Although various biomedical uses of hydrogels are expected to be actualized by clinical application of new technologies, in this Special Issue, the following topics are introduced and discussed.
Hydrogels as three-dimensional crosslinked polymer networks swollen by water are formed by crosslinking polymer chains through physical, ionic or covalent interactions. As representative physically crosslinked hydrogels with excellent biocompatibility due to nonuse of reactive compounds for crosslinking, A. Suzuki et al. reviewed the swelling and mechanical properties of poly(vinyl alcohol) (PVA) hydrogels, which consist of a swollen amorphous network of PVA physically crosslinked as microcrystallites with hydrogen bonding in nano-scale. They discussed the differences in structures and material properties between PVA gels prepared by repeated freeze-thawing (FT) methods and cast-drying (CD) method. The importance of a high degree of polymerization and a high degree of hydrolysis for PVA raw materials for hydrogels prepared using PVA and pure water is indicated. It is shown that the breaking stresses of FT and CD gels prepared under different conditions decrease with the swelling ratio, and thus the realization of both high water content and high mechanical strength is difficult. Therefore, to develop hydrogels with both high strength and high water absorbance, new effective methods of lamination and unidirectional freezing methods are applied to control the nano-and micro-scale network structures of PVA gels.
In the second paper, D. Ling et al. examined the improvement in frictional properties of PVA hydrogels with different secondary hydrophilic polymers with varying mechanical and surface properties as candidate biomaterials for synthetic artificial cartilage, against rotating Co-Cr annular ring or swine articular cartilage plug at constant load. It is reported that PVA-polyacrylic acid (PAA) blend hydrogel and PVA-acrylamide (AAm) in semi-interpenetrating polymer network (semi-IPN) form show significantly lower friction than pure PVA hydrogel with low water content against cartilage and Co-Cr specimens.
As other promising candidate hydrogels for artificial soft supporting tissues, the clinical applications of double network (DN) hydrogels with excellent mechanical performance, water storage capability and biocompatibility are expected. As described by T. Nonoyama and J. Gong, DN hydrogel is a kind of hydrogel having interpenetrating polymer network (IPN) structure, possess extraordinary high toughness and strength compared with conventional single network hydrogels. A DN hydrogel consists of two contrasting polymer networks: rigid and brittle first network and soft and ductile second network. To satisfy this DN requirement, polyelectrolyte and neutral polymer are suitable as the first and the second networks, respectively. It is described that combination of these two networks gives rise to extraordinarily tough DN hydrogel as a result of substantial internal fracture of the brittle first network at large deformation, which contributes to the energy dissipation. Therefore, the first network serves as the sacrificial bonds to toughen the material. The DN principle is universal and many kinds of DN hydrogels composed of various chemical species have been developed. In this Special Issue, a molecular stent technology to synthesize the DN hydrogels using neutral polymer network as the brittle first network is explained to substantially extend the choice of polymers' chemical combinations of DN hydrogel for wide application. It is shown that the sulphonic DN hydrogel induces spontaneous hyaline cartilage regeneration in vivo.
The high water content of hydrogels for loadcarrying soft biomaterials is expected to contribute the load support by interstitial fluid pressurization. T. Murakami et al. reviewed on the special feature of biphasic and boundary lubrication mechanisms in artificial hydrogel cartilage. The effectiveness of biphasic lubrication and boundary lubrication in hydrogels in thin film condition is examined in relation to the structures and properties of hydrogels such as permeability and elastic properties. As examples, the tribological behaviours in three kinds of PVA hydrogels, that is, FT, CD and hybrid gels as CD on FT-laminated structure with high water content are compared in reciprocating tests lubricated in saline and simulated synovial fluid under continuous loading condition. For these experimental results, the biphasic finite element analysis is applied to evaluate the fluid load support and time-dependent frictional behaviour. The roles of synovia constituents are discussed from the viewpoint of friction and surface protection by appropriate adsorbed film formation. The PVA hybrid gels as CD on FT with laminated structure show extremely low friction and minimal wear. It is exhibited that the synergistic combination of biphasic lubrication and boundary lubrication should become effective to sustain superior lubricity in PVA hydrogels even at slow movement under continuous loading. The importance of bionic design of hydrogel cartilage based on elucidation of adaptive multimode lubrication mechanism in natural synovial joints is discussed to extend the durability of cartilage substitute.
The various osteochondral grafts as alternate treatments for surgical methods for the treatment of osteochondral defects should be evaluated from the viewpoint of natural and synthetic hydrogels. Researches undertaken to evaluate the biomechanical stability and biotribological behaviour (including biphasic load carriage and lubrication) of osteochondral grafts in the knee joint are reviewed by P. Bowland et al. The review takes into consideration osteochondral autografts, allografts, tissue-engineered constructs, synthetic and biological scaffolds. The importance of restoration of congruent articulating surfaces of the joint is discussed. It is indicated for tissue-engineered cartilage that the comparison of time-dependent frictional response is indicative of the presence of some biphasic behaviour, interstitial pressurization and restoration of biotribological function. A brief discussion of areas requiring further improvement in future studies is presented.
As a sliding interface such as the pre-corneal tear film on the ocular interface, there are various gel-gel combinations in a Gemini interface where hydrophilic hydrogels are slid against each other. A.C. Dunn et al. discussed the kinetics of aqueous lubrication in the hydrophilic hydrogel Gemini interface. In their reciprocating test, very low friction was observed for polyacryl-amide (PAAm) hydrogel against itself in Gemini contact compared with sliding pair of PAAm hydrogel and sapphire in migrating contact and PAAm and glass in stationary contact. It is shown that friction for PAAm hydrogel in Gemini contact is independent of the sliding speed of 0.1-2 mm/s. In contrast, in unidirectional experiments, poly(N-isopropylacrylamide) (pNIPAM) hydrogels in Gemini contact exhibited two sliding regimes: low friction regime in thermal fluctuation lubrication at slower sliding speeds than 5 mm/s, and friction increasing with sliding speed in polymer relaxation lubrication at higher speed than 5 mm/s. They discussed the slow-sliding regime as polymer fluctuation lubrication due to thermal fluctuations. In contrast, when the Gemini interface slips faster than the single-chain relaxation time at higher sliding speeds, they propose that strained chains have the opportunity to relax along the direction of sliding, thus designating the regime polymer relaxation lubrication.
Negatively charged polyelectrolyte gels exhibit a reversible volume transition from the swollen to the collapsed state when monovalent ions are replaced by divalent counterions. As commonly known in nerve excitation, this abrupt transition as reversible volume changes can be initiated by a small change in the ionic composition of the equilibrium solution. F. Horkay et al. discussed the effect of calcium/sodium ion exchange on the osmotic properties and structure of polyelectrolyte gels. They investigated DNA (biopolymer gels) and synthetic polyelectrolyte (sodium polyacrylate, (PAA)) gels swollen in NaCl solution in the presence of different amounts of CaCl 2 , using small angle neutron scattering (SANS) together with mechanical and thermodynamic (osmotic) observations. A common feature is that these gels exhibit a reversible volume phase transition above a threshold calcium ion concentration. At the macroscopic level, the concentration dependence of the osmotic pressure shows that calcium ions influence primarily the third-order interaction term in the Flory-Huggins model of polymer solutions. Mechanical tests reveal that the elastic modulus is practically unaffected by the presence of calcium ions, indicating that ion bridging does not create permanent crosslinks. At the microscopic level, SANS shows that PAA and DNA gels exhibit qualitatively similar structural features despite important differences. The main effect of calcium ions is that the neutron scattering intensity increases due to the decrease in the osmotic modulus. At the level of the counterion cloud around dissolved macroions, anomalous small angle X-ray scattering (ASAXS) measurements made on DNA indicate that divalent ions form a cylindrical sheath enveloping the chain, but they are not localized.
T. Rosso et al. described about hydrogels for central nervous system (CNS) therapeutic strategies. Current therapies for injuries or diseases such as those in the spinal, brain and retina seem to be unable to achieve good results in terms of significant functional recovery. First, several approaches such as cell-based therapy, delivery of bioactive molecules and nanoparticle-based drug delivery are reviewed, and then, the design of injectable hydrogels for in situ drug or cell release is reported as a minimally invasive and interesting solution in the development of successful treatment for CNS neurodegenerative disorders. The possibility to properly optimize the rheological/mechanical and functional features of such devices is discussed.
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